The steel pathways on the sides of the circuit are separated by Aluminum spacers. The size of the spacers can be varied for investigation into the effect of separation distance between the steel paths on the flux flow.
The layer of steel at the top of the Galfenol rods is a group of steel pieces, placed together to create pathways to the sides. This steel layer is sectioned in order to allow force to be applied to one rod at a time without affecting the others. 
CIRCUIT OPTIMIZATION
Magnetic modeling is performed to optimize the circuit design for efficiency and for determining the best location for the GMR sensors. Two software programs are used; Oersted (2-Dimensional) and Amperes (3-Dimensional). Initial modeling is performed using Oersted, and more accurate analysis is completed using Amperes. Oersted simplifies the circuit by assuming a constant design through a user specified depth. Figure 2 shows a 2-D model of 2 Galfenol rods under no stress on top of a grade 1 ceramic magnet. B-H curves for Galfenol under various levels of stress were taken from the paper "Quasistatic Actuation Characteristics of Varied Stoichiometry Single Crystal Iron-Gallium" by Atulasimha lii / e---------""'- The analysis allows determination of where the maximum flux level occurs and therefore where the GMR sensor should be located.
Once the basic circuit design is chosen, a more detailed analysis is performed using Amperes. The following figures depict Amperes 3-D analyses results. Information on how the B-H curve of the Galfenol material changes due to applied stress is used in the model to investigate how the flux level changes at different locations when force is applied to one rod in the array. Figure 3 depicts the flux density in one row of Galfenol rods when the array is in the nominal, no stress configuration. The greatest concentration of flux is shown to be along the top level of steel near the left side. This information contributes to the decision to locate the GMR sensor close to this location. Figure 4 shows the flux density along the top steel pathways with no rods under stress. 
The following Figure 5 shows the flux density change when the central rod is stressed by 15 MPa. From these values, it is shown that the largest change in flux is indeed at the two side paths which intersect at the rod that is stressed. In this case, when 15MPa of stress is applied to the central rod, Side Steel Paths #2 and #5 change by 5 Gauss whereas the other side paths change by no more than 3 Gauss. Although this correctly indicates the central rod as being stressed, there is a lot going on in the circuit that can not be currently explained. Some of the side paths increased in flux value, while others decreased. Further investigation is required to determine the cause of the circuit's behavior.
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DATA ACQUISITION
Six GMR sensors are placed along the outer perimeter of the circuit, one for each row or column of the steel pathways (See Figures 6 & 7) . GMR type NVE AA-005-02 is used and has a linear range of 10 to 70 Oersteds. The sensor is powered using a voltage of 3.33V, and the signal is amplified by setting the gain to 10. This excitation and amplification is provided using the National Instruments SCXI-1121 module, -1321 terminal block and PCI-MIO-16XE data acquisition card. Labview is then used to record and view the change in flux detected during testing. One hundred samples are taken and averaged to produce one flux level reading. The samples are filtered with a 4 Hz low pass filter. A force gage is used to apply and measure the force applied to the rods. 3.5 lb and 7.5 lb of force are applied to each rod which induces 1.97 MPa and 3.9 MPa of stress respectively. The GMR readings are recorded for each loading.
RESULTS
Tables 2 and 3 below, list the change in flux for each rod for the static 3.5 lb and 7 lb force applications, respectively. Since the GMR sensors are slightly raised above the steel pathways on the boards they are mounted to, the flux reading in Oersted is equal to the flux density in Gauss. Tables 2 and 3 also list the rod that the value changes indicate, and whether or not the indication is correct. 
GMR Sensors
Rods Under Steel Paths As shown in the results above, only 2 rods were correctly identified as having the force applied to them for both levels of load. The low number of correct identifications is believed to be due to the fact that the steel rod tops were separating during loading. This has a profound effect on the path that the flux travels and so alters the results from those expected. Also, during assembly, the GMR sensors were staggered in order to allow space for soldering which may have affected results.
Loading on Rod 4,
After static loading, dynamic loading was performed. Figures 9 and 10 below depict the dynamic loading results for rods 4 and 7 in a 2 x 2 grid array (Figure 8 below) . The figures show that rod 4 is correctly identified by the sensors that show the greatest frequency and amplitude of change during the loading. The sensor information for rod 7 however is not as obvious which may be due to the fact that GMR 2 is located closer to the rods than GMR 1 and the rod tops separating during loading. 
GMR 2 GMR 6
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Loading on Rod 7 eauennJ Loading on Rod 1, Figure 10 . Dynamic loading on rod 7 Figure 11 below shows results for dynamic loading on rod 1 in a 3 x 3 rod array. GMRs 3 and 6 should give the greatest signal response, however, it is not completely apparent from the data collected that this is the case. Again, this is believed to be due to rod top separation and possibly the GMR sensor positioning. Figure 11 . Loading on rod 1 in 3 x 3 grid array
GMR 1
Loading was also performed on two rods simultaneously. Results are discussed in the conclusion section which follows.
CONCLUSIONS
The initial set of static data is not very conclusive. Only 2 rods are correctly identified in each loading data set. One possible cause of error, as mentioned previously, is the fact that the loading causes the rod tops to separate and create air gaps which affect the directions the flux travels. Also, the GMR staggering may cause changes in the results. Additionally, the loads applied to the rods cause a very low level of stress and so may be down in the noise level.
Dynamic loading has a higher correct identification percentage. The 2x2 grid array correctly identified 3 out of 4 of the rods. The 3x3 grid array was more complex, however, and more sensitive to small differences in GMR location and rod top separation. The loading of two rods simultaneously in the 2 x 2 grid array was also successful. For example, when rods 4 and 5 are stressed, a strong signal is recorded in GMR 2 and in GMRs 5 and 6.
AREAS FOR IMPROVEMENT
Size and proximity of GMR sensors A difference was noted in the signal reaction for the dynamic loading due to how close the GMR sensor is to the rods, relative to the others. GMR 2 in this experiment consistently has a greater signal reaction due to it being positioned closer to the rods than GMRs 1 and 3. This will be changed or accounted for in future testing.
The GMR sensors used in the magnetic circuit have widths close to that of the steel pathways around the outer edges of the system. Due to the fact that the sensors and pathways were located about 1/16" from one another, questions arise as to whether or not the magnetic field one sensor is detecting is affected by the path next to it. A possible improvement would be to insert the GMR sensor into the steel path so that the flux flow goes directly through it, rather than the sensor being located over the flux flow. This may decrease the amount of proximity effect between the sensors.
The size of the sensor also raises issues when considering the future intent to create a nano-sized system. A GMR "violin" sensor exists that might be able to be incorporated to allow measurement to occur from a certain distance away from the magnetic field pathway. This would allow magnetic field pathways to be located closer together and would allow space for more of the pathways.
Congruity of flux paths
The steel paths on the tops of the rods are fabricated as separate pieces to allow force to be applied to one rod without applying force to another. However, during the experiment, gaps were created between the flux paths during loading. A magnetic grease (grease with iron filings) will be inserted between the flux path tops to allow flow to continue between them during loading.
Proximity of force gage tip It is noted that the proximity of the force gage tip to a GMR sensor affects the flux reading. This flux offset, however, does not affect the data recorded due to the fact that an initial flux reading was recorded with the tip just above the rod (applying no force) and then this value was subtracted from the flux value when the force was applied.
